Subanesthetic doses of NMDA receptor antagonist ketamine induce schizophrenia-like symptoms in humans and behavioral changes in rodents. Subchronic administration of ketamine leads to loss of parvalbumin-positive interneurons through reactive oxygen species (ROS), generated by the NADPH oxidase NOX2. However, ketamine induces very rapid alterations, in both mice and humans. Thus, we have investigated the role of NOX2 in acute responses to subanesthetic doses of ketamine. In wild-type mice, ketamine caused rapid (30 min) behavioral alterations, release of neurotransmitters, and brain oxidative stress, whereas NOX2-deficient mice did not display such alterations. Decreased expression of the subunit 2A of the NMDA receptor after repetitive ketamine exposure was also precluded by NOX2 deficiency. However, neurotransmitter release and behavioral changes in response to amphetamine were not altered in NOX2-deficient mice. Our results suggest that NOX2 is a major source of ROS production in the prefrontal cortex controlling glutamate release and associated behavioral alterations after acute ketamine exposure. Prolonged NOX2-dependent glutamate release may lead to neuroadaptative downregulation of NMDA receptor subunits.
Introduction
Alteration of glutamatergic neurotransmission is thought to be involved in the development of psychosis (Harte et al., 2007 ). This appears to be attributable to NMDA receptor (NMDAR) hypofunction, which decreases the activity of GABAergic interneurons, leading to an excessive glutamate release (Homayoun and Moghaddam, 2007) and subsequent cortical excitation, as well as schizophrenia-like behavioral and cognitive anomalies (Farber, 2003) .
Studies on the effects of the NMDA receptor antagonists, such as ketamine and phencyclidine, support this theory (Olney et al., 1999) . Controlled administration of ketamine in healthy volunteers leads to positive, negative, and cognitive symptoms similar to those observed in schizophrenic patients (Krystal et al., 2003) . Subanesthetic ketamine administration also induces behavioral alterations in animals, and it is therefore used as a pharmacological animal model of schizophrenia (Bubeníková-Valesová et al., 2008; Gunduz-Bruce, 2009 ). Although psychotic symptoms are impossible to evaluate and replicate in rodents, alteration of motor behavior can be used as a read-out for the response to NMDA receptor antagonists (Krystal et al., 2003; Imre et al., 2006; Gunduz-Bruce, 2009 ). The effect of ketamine is mainly attributable to the activation of the prefrontal cortex and the limbic structures (Jentsch and Roth, 1999; Imre et al., 2006) , in which increased levels of glutamate and dopamine have been detected after acute ketamine injections (Gunduz-Bruce, 2009 ). In addition, chronic exposure to low doses of ketamine leads to phenotypic changes in neurons, such as the loss of parvalbumin in GABAergic interneurons (Cochran et al., 2003; Kinney et al., 2006) , also observed in schizophrenic patients (Lewis et al., 2005) . Corroborating these results, genetic ablation of the NMDA receptor also confers schizophrenia-like phenotypes in mice (Gainetdinov et al., 2001; Belforte et al., 2010) .
Emerging evidence indicates a contribution of reactive oxygen species (ROS) to the development of schizophrenia. Altered antioxidant defense and signs of oxidative insults are observed in patient samples (Yao et al., 2001) . In this context, it has been shown that the activation of the ROS-producing NADPH oxidase NOX2 enzyme contributes to dysfunction of GABAergic interneurons after subchronic ketamine exposure in mice (Behrens et al., 2007 (Behrens et al., , 2008 . We have also recently demonstrated the involvement of NOX2 in behavioral and biochemical alterations caused by social isolation in rats (Schiavone et al., 2009 ). These two different animal models induce chronic neural stress and, in both cases, NOX2 upregulation appears to be responsible for the prolonged oxidative insult on GABAergic neurons. However, it has been reported that acute ketamine administration causes immediate formation of ROS (Zuo et al., 2007) and oxidative damage (de Oliveira et al., 2009) . The mechanism of this rapid ROS generation is not known. Possible sources of ROS include NOX enzymes, which are constitutively expressed in the brain and are major generators of ROS in pathological conditions .
The aim of this study was to understand how NOX2-dependent ROS production participates in the rapid modifications induced by acute ketamine administration. Our data show that the immediate behavioral and neurochemical abnormalities induced by ketamine are prevented in NOX2-deficient knock-out (KO) mice and that NOX2 is involved in neurotransmitter release.
Materials and Methods
Mice. NOX2-deficient mice in the C57BL/6 background were purchased from The Jackson Laboratory. Mice were given access ad libitum to food and water in a quiet room at 25°C with a 12 h light/dark cycle. Mice were housed in groups of three to four. All experiments were performed using wild-type (WT) and KO NOX2 mice male littermates of 8 - National Research Council, 1996) , and approved by the ethical committee and the veterinary office of the University of Foggia.
Behavioral analysis: open-field test. The apparatus consisted of a circular arena, made of dark plastic located in a silent experimental room illuminated. Habituation trial was performed over 5 d before the test in the same experimental conditions. Animals were acclimated to the test room for 1 h before each test. The day of the test, mice were injected intraperitoneally with ketamine (30 mg/kg; Sigma-Aldrich), amphetamine (1 mg/kg; Sigma-Aldrich), or saline solution, as control. Drug doses were chosen according to previous reports (for ketamine, Irifune et al., 1991 Irifune et al., , 1998 Behrens et al., 2007; and for amphetamine, Sansone, 1980; Spielewoy et al., 2001; Coitinho et al., 2002) . Behavioral test was performed 30 min and 4 h after injection. Motor activity was measured by placing the mouse into the center of the arena for a 20 min session. The scoring was performed using a specific software (Observer 3.0; Noldus Information Technology). To assess general locomotor activity, the following behavioral parameters (expressed as frequency in 20 min) were scored: number of square limit crossings with both forepaws, rearing (standing with the body inclined vertically, forequarters raised), total grooming activity consisting of face grooming (strokes along the snout), head washing (semicircular movements over the top of the head and behind the ears), and body grooming (body fur licking), and total sniffing (deep smelling activity both on the floor and on the walls of the arena). Behavioral test was performed by an investigator who was blind to the animal experimental group.
Immunohistochemistry. Mice were perfused with a solution of 4% paraformaldehyde in PBS, pH 7.35, and brains were removed, paraffin embedded, and cut in 10-m-thick sections.
Immunohistochemistry was performed as described previously (Schiavone et al., 2009) . Briefly, after deparaffinization and heat-induced epitope retrieval, brain sections were incubated overnight at 4°C with one or two (for double staining) primary antibodies at the following concentrations: 8-hydroxy-2Ј-deoxyguanosine (8-OHdG), 1:10 (JaICA); NMDAR subunit 2A (NMDAR-2A), 1:400 (Abcam); and NMDAR-2B, 1:200 (Abcam). For 3,3Ј-diaminobenzidine (DAB) immunohistochemistry, sections were then incubated first for 1 h at room temperature with a biotinylated secondary antibody (Vector Laboratories) and then with the ABC complex solution (Vector Laboratories). Tissue-bound peroxidase was visualized using DAB (Sigma-Aldrich) and H 2 O 2 (SigmaAldrich). For immunofluorescence detection, sections were incubated with specific fluorescent-labeled secondary antibody (1:1000, Alexa Fluor 488 or 555; Invitrogen). 4Ј,6Ј-Diamidino-2-phenylindole (DAPI) counterstaining was performed to visualize cell nuclei. Imaging was performed on an LSM 510 Meta confocal laser scanner mounted on an Axio Imager Z1 microscope (Carl Zeiss). Negative controls consisting of tissue incubated without primary antibodies were performed for each experiment (data not shown).
Real-time quantitative PCR. Total RNA was isolated using RNeasy mini kit (Qiagen) according to the instructions of the manufacturer. Residual genomic DNA was removed using RNase-Free DNase set (Qiagen). Total RNA (1 g) was reverse transcribed using the superscript II kit according to the instructions of the manufacturer (Invitrogen). Realtime quantitative PCR reactions were performed using Power SYBR Green PCR master mix (Applied Biosystems) and a Chromo 4TM RealTime system (Bio-Rad). Quantification was performed at a threshold detection line (Ct value). The Ct value of each target genes (c-fos, parvalbumin) was normalized with relative levels of Rps9 (ribosomal protein S9) and Tbp (TATA-box binding protein) mRNAs used as housekeeping genes. Triplicates were performed for each condition. The list of the primers used is given in supplemental Microdialysis. Mice were anesthetized intraperitoneally with 3.6 ml/kg Equithesin (composition: 1.2 g of sodium pentobarbital, 5.3 g of chloral hydrate, 2.7 g of MgSO 4 , 49.5 ml of propylene glycol, 12.5 ml of ethanol, and 58 ml of distilled water) and secured in a stereotaxic frame (David Kopf Instruments). The skin was shaved, disinfected, and cut with a sterile scalpel to expose the skull. A vertical dialysis probe was positioned in the prefrontal cortex of mice (Castane et al., 2008) : from bregma, anteroposterior, ϩ2.2 mm and mediolateral, Ϯ0.2 mm; and from the skull surface, the extremity of the probe was pushed in dorsoventral, Ϫ3.4 mm. On the day of the experiment (20 -24 h after implantation of the probes), microdialysis was performed in freely moving mice as described previously (Castane et al., 2008) by perfusing the fibers with an artificial CSF containing the following (in mM): 145 NaCl, 3 KCl, 1.26 CaCl 2 , 1 MgCl 2 , and 1.4 Na 2 HPO 4 in distilled water; the solution was buffered at pH 7.3 with 0.6 mM NaH 2 PO 4 and filtered (0.45 m). The fibers were perfused at a constant flow rate of 1 l/min using a CMA/100 microinjection pump (CMA Microdialysis). In all experiments, the microdialysis membrane was allowed to stabilize for 2 h at the flow rate of 1 l/min without collecting samples. At the end of the stabilization period, samples were collected at 30 min intervals at a flow rate of 1 l/min. Three baseline samples were collected to evaluate baseline release of neurotransmitters. After this time, ketamine (30 mg/kg, i.p.), amphetamine (1 mg/kg, i.p.), or vehicle (saline) injections were performed, and additional samples were collected. WT and KO NOX2 mice were treated and analyzed at the same time, but data in figures are presented as separate panels for better clarity. The position of the microdialysis probe was verified by histological procedures at the end of each experiment. Only mice in which probe tracks were exactly located in the target area were considered in Results.
Quantification of glutamate in the dialysate. Glutamate concentrations were determined by HPLC using ODS-3 column (150 ϫ 4.6 mm, 3 m; INERTSIL) with fluorescence detection after derivatization with ophthalaldehyde/mercaptopropionic acid (emission length, 4.60 nm; excitation length, 3.40 nm). The mobile phase gradient consisted of 50 mM sodium acetate buffer, pH 6.95, with methanol increasing linearly from 2 to 30% (v/v) over 40 min (Morrone et al., 2007) . The flow rate was 0.5 ml/min. Results were analyzed by Borwin software (version 1.50; Jasco). Because no difference in extracellular basal levels of glutamate between experimental groups was detected (for original values and statistics, see supplemental Table 2 , available at www.jneurosci.org as supplemental material), results were expressed as percentage of baseline.
Quantification of dopamine in the dialysate. Dopamine concentrations were determined by HPLC using LC-18 DB column (150 ϫ 4.6 mm, 5 m; SUPELCOSIL) with ESA Coulometric detection (ESA) in oxidation/ reduction mode (E1, ϩ300 mV; E2, Ϫ300 mV). The mobile phase used consisted of 85 mM NaH 2 PO 4 , 1 mM SDS, 0.02 mM EDTA, 0.7 mM triethylamine, 15% acetonitrile, 13% methanol, solved in distilled water and buffered at pH 5.8 with 1N NaOH. The flow rate was 1 ml/min, and detection limit was ϳ0.5 fmol of dopamine on column (signal-to-noise ratio of 2) (Bassareo and Di Chiara, 1997; Trabace et al., 2007) . Results were analyzed by Chromeleon software (version 6.60; Dionex). Because no difference in extracellular basal levels of dopamine between experimental groups was detected (for original values and statistics, see supplemental Table 2, available at www.jneurosci.org as supplemental material), results were expressed as percentage of baseline.
Statistical analysis. Data were analyzed using SigmaStat 3.1 software. The statistical tests (with F values and degrees of freedom when appropriate) are indicated in the figure legends. For all tests, p Ͻ 0.05 was taken as statistically significant. Results are expressed as means Ϯ SEM.
Results

NOX2 deficiency prevents ketamine-induced behavioral abnormalities
An open-field test was performed 30 min after ketamine injection. Locomotor activity was evaluated as the frequency of crossings, rearings, grooming, and sniffings. In WT mice, all these parameters were markedly increased compared with saline control mice. In contrast, ketamine did not elicit similar responses in KO NOX2 mice because their locomotor behavior remained unaltered (Fig. 1 ). This absence of response by KO NOX2 mice was similarly observed at a later time point (4 h after ketamine injection) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), whereas behavioral abnormalities in WT mice could still be observed 4 h after ketamine injection.
Together, these results indicate that NOX2 is a key mediator of immediate ketamine-induced behavioral changes.
Stress-related markers after ketamine injection
Ketamine administration causes an increase in ROS production (Zuo et al., 2007) and oxidative damage (de Oliveira et al., 2009) in the brain. However, the source of the ROS generation is not known. Indirect markers of oxidative stress were measured 30 min after ketamine injection in WT and KO NOX2 mice. The staining for the DNA oxidation marker 8-OHdG was increased in the prefrontal cortex of WT mice and especially localized in cell nuclei. In contrast, no increase of 8-OHdG was detected in KO NOX2 mice (Fig. 2 A-D) . Consistent with the role of NOX2 as source of ROS in this condition, NOX2 and all the subunits required for its activity were detected in the prefrontal cortex (supplemental Fig. 2 A, B , available at www.jneurosci.org as supplemental material). It is also known that ketamine injections leads to the upregulation of the transcription factor subunit c-fos (1, 22) ϭ 27.63, p Ͻ 0.001. NS: WT saline versus KO NOX2 saline, p ϭ 0.816; KO NOX2 saline versus KO NOX2 ketamine, p ϭ 0.385. ***p Ͻ 0.001 WT ketamine versus WT saline and WT ketamine versus KO NOX2 ketamine using two-way ANOVA followed by Tukey's post hoc test (n ϭ 5 WT saline; n ϭ 9 WT ketamine; n ϭ 4 KO NOX2 saline; n ϭ 8 KO NOX2 ketamine). (1, 14) ϭ 3.463, p Ͻ 0.05. NS: WT saline versus KO NOX2 saline, p ϭ 0.503; KO NOX2 saline versus KO NOX2 ketamine, p ϭ 0.385. *p Ͻ 0.05 WT ketamine versus WT saline and WT ketamine versus KO NOX2 ketamine using two-way ANOVA followed by Tukey's post hoc test (n ϭ 5 WT saline; n ϭ 4 WT ketamine; n ϭ 4 KO NOX2 saline; n ϭ 5 KO NOX2 ketamine). (Farber, 2003) , which is an early response gene known to be redox-sensitive (Nanduri et al., 2008) . We have therefore quantified c-fos mRNA expression by real-time PCR. In WT mice, c-fos expression levels were increased in the prefrontal cortex after ketamine injection. In contrast, no change in c-fos expression was seen in mice lacking NOX2 (Fig. 2 E) . Under the same conditions, we have also measured the level of parvalbumin mRNA. Whereas subchronic exposure to ketamine induces a decrease in parvalbumin (Behrens et al., 2007) , we did not detect a reduction in parvalbumin mRNA after acute ketamine exposure in neither control nor KO NOX2 mice (supplemental Fig. 3 , available at www. jneurosci.org as supplemental material). Thus, c-fos expression is an early NOX2-dependent event in response to ketamine, whereas the decrease in parvalbumin appears to occur only at later time points (Behrens et al., 2007) .
Ketamine-induced release of extracellular glutamate and dopamine depends on NOX2
Alterations of neurotransmitter levels in the cortex induced by ketamine are thought to determine psychotic symptoms (Gunduz-Bruce, 2009). To understand the cause of the different behavioral response between WT and KO NOX2 mice, we have performed microdialysis in freely moving animals to measure the extracellular concentration of neurotransmitters in mouse brain. Basal levels of glutamate were comparable in WT and KO NOX2 mice. After ketamine injection, an immediate increase in glutamate level was detected in the prefrontal cortex of WT mice. The elevated concentration was observed after 30 min and persisted during the subsequent 4 h from the injection (Fig. 3A) . In contrast, ketamine did not elicit the same response in KO NOX2 mice because glutamate concentration remained at basal levels (Fig. 3B) . Glutamatergic and dopaminergic systems are closely interconnected (Sesack et al., 2003) , and it has been suggested that glutamate, once released, stimulates other non-NMDA glutamate receptors and thereby induces changes in dopamine levels (Olney et al., 1999) . Therefore, we have also evaluated dopamine concentration. Similarly to glutamate, the levels of dopamine instantly increased after ketamine injection in WT brain (Fig. 3C) but remained at basal level in KO NOX2 mice (Fig. 3D) . These results indicate that NOX2 influences the response to ketamine, by modulating glutamate and dopamine release. . E, F, Concentration of glutamate (E) and dopamine (F ) in WT and KO NOX2 mice at basal level or 30 min after saline or ketamine injection. ***p Ͻ 0.001 using two-way ANOVA for repeated measures followed by Tukey's post hoc test (n ϭ 6 WT saline and ketamine; n ϭ 4 KO NOX2 saline and ketamine). For glutamate analysis: two-way ANOVA for repeated measures in KO NOX2 saline versus KO NOX2 ketamine: Ftr (1,66) ϭ 2.259, p ϭ 0.184; Ftime (t) (11, 66) 
Amphetamine induces similar response in WT and KO NOX2 mice
To verify whether the lack of neurotransmitter increase after ketamine injection was attributable to a general defect in KO NOX2 mice, the response to amphetamine, another psychostimulant drug, was evaluated. In fact, amphetamine is known to induce a rapid efflux of dopamine from the ventral tegmental area toward the prefrontal cortex, in which subsequent glutamate is similarly released (Sesack et al., 2003; Sulzer et al., 2005) . As illustrated in Figure 4 , A and B, amphetamine injection caused a large increase in dopamine levels in both WT and KO NOX2 mice. Consequently, glutamate concentration was also elevated (Fig. 4C,D) . Thus, NOX2-dependent alteration of glutamatergic and dopaminergic release is a specific response to ketamine. In addition, we have evaluated the behavioral alterations induced by amphetamine. In agreement with the microdialysis data, WT and KO NOX2 mice displayed a similar increase of locomotor activity after amphetamine injection (Fig. 5) . Hence, NOX2 deficiency does not prevent behavioral changes in response to amphetamine.
Downregulation of the NMDA receptor subunit 2A after repeated ketamine injections is prevented in KO NOX2 mice
Excessive glutamate increase after repetitive administration of ketamine can lead to the downregulation of postsynaptic receptors. Therefore, we have analyzed the presence of NMDAR-2A and NMDAR-2B in the prefrontal cortex and in the posterior cingulate cortex. Both of these brain regions are subject to alterations in response to prolonged ketamine exposure (Ellison, 1995; Olney et al., 1999; Tsai and Coyle, 2002) . As shown in Figure 6 , WT mice displayed reduced expression of the NMDAR-2A after repeated injections of ketamine compared with saline (Fig. 6 , A vs B and E vs F ). In contrast, KO NOX2 mice displayed similar immunostaining for NMDAR-2A after ketamine or saline injections (Fig. 6, C vs D and G vs H ) . The . E, F, Concentration of dopamine (E) and glutamate (F ) in WT and KO NOX2 mice at basal level or 30 min after saline or amphetamine injection. ***p Ͻ 0.001 using two-way ANOVA for repeated measures followed by Tukey's post hoc test (n ϭ 4 WT saline; n ϭ 4 WT amphetamine; n ϭ 4 KO NOX2 saline; n ϭ 4 KO NOX2 amphetamine). For dopamine analysis: two-way ANOVA for repeated measures in KO NOX2 saline versus KO NOX2 amphetamine: Ftr (1,66) ϭ 179.126, p Ͻ 0.001; Ft (11, 66) ϭ 62.712, p Ͻ 0.001; Ftrϫt (11, 66) (11, 55) ϭ 9.661, p Յ 0.001; Ftrϫt (11, 55) reduction of NMDAR-2A immunoreactivity was not associated with apparent morphological alterations in cortex layers or signs of cellular death, as indicated by DAPI staining (Fig. 6 A-H ) . The expression of the NMDAR-2B was also evaluated, but its expression was not different in WT and KO NOX2 mice after ketamine injection in both the prefrontal cortex and the posterior cingulate cortex (Fig. 6 I-P) . Thus, repeated exposure to ketamine elicits alterations of the NMDA receptor, which is mediated by NOX2.
Discussion
In this study, the involvement of NOX2 on acute behavioral and neurochemical effects elicited by ketamine administration was analyzed. Our results show that NOX2-deficient mice are completely protected from the behavioral alterations induced by ketamine. In addition, they do not display signs of oxidative stress in the brain and increased extracellular levels of glutamate and dopamine after ketamine administration. Thus, our data suggest a critical role of NOX2 activation in the development of psychotic symptoms after ketamine administration, through a direct effect on glutamate and dopamine elevation.
The presence of NOX2 in the brain has been widely documented. In particular, NOX2 is expressed in microglia, astrocytes, and neurons . In neutrophils, NOX2 activity is tightly regulated and, during activation, requires the phosphorylation of specific cytosolic subunits and their translocation to the membrane to generate ROS (Bedard and Krause, 2007) . The presence in the brain of all the cytosolic subunits required for NOX2 activation suggests that formation of the enzymatic complex can rapidly occur after ketamine exposure. Signs of oxidative stress were observed only in the brain of wildtype mice. Because behavioral alterations do not occur in NOX2-deficient mice, it appears that NOX2 can rapidly generate ROS in response to ketamine. Basically, the ketamine-induced NOX2 activation could be either a direct consequence of NMDA receptor inhibition or attributable to another pathway. The fact that two NMDA receptor antagonists, ketamine and dizocilpine [(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate], both induce cerebral ROS generation during injection in rats (de Oliveira et al., 2009 ) and mice (Zuo et al., 2007) support the former possibility. However, given the lack of cellular studies specifically addressing this issue, it is, at this point, difficult to exclude that ketamine activates NOX2 through other mechanisms.
There are conflicting data in the literature concerning the duration of ketamine-induced behavioral alterations. Short-term (Ͻ2 h) behavioral changes in response to ketamine have been described previously (Hayase et al., 2006) , whereas other observations suggest a markedly longer persistence (Uchihashi et al., 1994; Irifune et al., 1998 ). In our model, 4 h after ketamine injection, wild-type mice still displayed a marked enhancement of crossing, grooming, rearing, and sniffing. This is consistent with the prolonged elevations of neurotransmitters observed in our study.
ROS are important signaling molecules involved in physiological mechanisms in the brain, such as synaptic plasticity and memory (Kishida and Klann, 2007) . In particular, ROS are able to modulate neurotransmission in cerebral circuitry. For example, the glutamate and GABA-controlled release of dopamine is dependent on hydrogen peroxide produced by mitochondria in the striatum (Avshalumov et al., 2003; Bao et al., 2009 ). Therefore, it is conceivable that one function of NOX2 in the brain is to produce ROS for the control of specific synaptic neurotransmission. Basal levels of glutamate and dopamine are similar in wildtype and NOX2-deficient mice, suggesting that absence of NOX2 does not impair normal synaptic activity. However, the fact that ketamine response is prevented in NOX2-deficient mice argues in favor of a NOX2-dependent ROS production that mediates neurochemical and behavioral alterations. This NOX2-dependent mechanism is specific for ketamine because the response to amphetamine in NOX2-deficient mice was similar to wild-type mice. Corroborating our results, Kishida et al. (2006) found an intact basal synaptic activity after pharmacological inhibition or genetic ablation of NOX2 but impairment in NMDA receptordependent long-term potentiation and memory formation, which require an increased release of glutamate (Kishida et al., 2006) .
In addition to an early effect on the development of psychosis, it is tempting to speculate that NOX2-dependent elevation of glutamate levels induced by ketamine determines long-term alteration on neuronal connectivity. Indeed, the inhibition of GABAergic neurons by NMDA receptor antagonism eventually leads to their hyperstimulation because of the disinhibited glutamatergic inputs. This excessive stimulation of postsynaptic neurons is known to induce neurochemical and morphological changes, similar to those observed in schizophrenic patients (Farber, 2003) . In this context, our data show that a repeated exposure to ketamine leads to a decrease in NMDA receptor 2A expression, which is prevented in NOX2-deficient mice. The downregulation of the NMDA receptor subunit 2A, but not 2B, is not specific for interneurons but likely occurs also in other neuronal subtypes. The downregulation of NMDA receptor subunit 2A is possibly attributable to sustained excessive glutamate concentration seen in wild-type mice. In adults, NMDA receptor 2A and 2B subunits are mainly expressed in cortex and hippocampus, in which they regulate numerous neuronal functions and, in particular, synaptic plasticity (Yashiro and Philpot, 2008) . NMDA receptor subunit 2A is mainly localized in synaptic sites, whereas the 2B subunit is more expressed in extrasynaptic sites, and alterations of the NMDAR-2A/2B ratio influence neuronal activity and modify cortical functions (Yashiro and Philpot, 2008) . The NMDA receptor subunit 2A is prone to adaptive responses in different models of glutamate and NMDA overstimulation (Wu et al., 2005; Gascó n et al., 2008) . Also, the NMDAR-2A subunit has relevant features for a role in ketamineinduced neurochemical alterations: (1) decrease of parvalbumin expression after prolonged ketamine exposure is specifically attributable to blockade of the NMDAR-2A subunit (Kinney et al., 2006) , (2) the ratio of NMDAR-2A/NMDAR-2B subunits in GABAergic interneurons, specifically in parvalbumin-positive interneurons, is higher than in neighboring pyramidal neurons (Kinney et al., 2006; Xi et al., 2009) , and (3) the NMDA receptors containing the 2A subunit contribute to the maintenance of parvalbumin and GAD67 phenotype in interneurons (Kinney et al., 2006) . Thus, the observed adaptive reduction of NMDAR-2A could explain the loss of parvalbumin, observed after subchronic ketamine exposure (Behrens et al., 2008) or persistent social isolation rearing (Schiavone et al., 2009 ). In addition, lower density of NMDA receptor subunit 2A, but not 2B has been described in postmortem brain samples of patients with schizophrenia (Mechri et al., 2001; Beneyto and Meador-Woodruff, 2008) .
The fact that NOX2 inhibition prevents both immediate and adaptive behavioral and neurochemical effects of ketamine raises the question whether a pharmacological inhibition of NOX2 represents a valuable therapeutic approach for schizophrenia. Indeed, decreasing the effect of NMDA receptor antagonists have been proposed to be a key approach for identifying such novel therapies (Krystal et al., 2003) . Patients with genetic alteration of NOX2 present decreased levels of specific oxidative stress markers, such as isoprostanes (Violi et al., 2006 (Violi et al., , 2009 . The same markers of oxidative stress are significantly increased in physiological fluids of schizophrenic patients (Dietrich-Muszalska and Olas, 2009) . Even a single episode of psychosis induces such an increase (Mahadik et al., 1998; Khan et al., 2002; Zhang et al., 2009) , indicating that oxidative damage occurs very early in the course of schizophrenia. The present study suggests that NOX2 is the source of this early generation of ROS, which is associated with the onset and the progression of schizophrenia. Therefore, targeting NOX2 in the CNS could be useful to prevent the development of the disease. A possible side effect of prolonged NOX2 inhibition would be reducing the ability of the neutrophils to kill some microorganisms and the development of local hyperinflammatory reactions (Schäppi et al., 2008) . Indeed, the complete absence of NOX2 function results in chronic granulomatous disease (CGD), a hereditary disease characterized by the development of granulomas and by a susceptibility to certain fungal and bacterial infections (Schäppi et al., 2008) . However, CGD patients in which only 5-10% of neutrophils generate ROS do not develop obvious symptoms (Kume and Dinauer, 2000) . Thus, it appears that there is a good therapeutic window for such a putative therapy. However, although NOX enzymes are increasingly recognized as therapeutic targets, no specific NOX2 inhibitor is available so far for use in humans .
Although ketamine represents mostly a model of psychosis, there is also an interesting connection with depression. A single subanesthetic dose of ketamine has rapid and robust antidepressant effects in depressed patients, which might be attributable to ketamine-induced glutamate release (Hashimoto, 2009; Skolnick, 2009) . Similar effects of ketamine have been observed in mouse models of depression (Maeng and Zarate, 2007; Maeng et al., 2008; Mathew et al., 2008) . The role of NOX2 activation in the antidepressant effect of ketamine remains to be solved. Future research should also aim at understanding whether NOX2 controls glutamate release in physiological events, e.g., learning, and other pathological processes, such as neurodegenerative disorders ).
